Introduction
Toxic levels of arsenic may occur in soils and waters either as a result of weathering of rocks containing arsenical ores or, more commonly, from anthropogenie origins, e.g. mining, smelting and the use of pesticides. Many species from bacteria to higher plants show tolerance to arsenate, including Holcus lanatus L. (Yorkshire fog). The mechanism of tolerance in this grass has been studied in detail (Meharg & Macnair, 1990 , 1992a Macnair et a!., 1992; Meharg et a!., 1993) and is known to involve a major gene change leading to the suppression of the high affinity phosphate uptake system. Because phosphate and arsenate are chemical analogues they are taken up into the plant by the same uptake system (Asher & Reay, 1979; Meharg & Macnair, 1990) . Although suppression of the high affinity uptake system reduces arsenate and phosphate uptake on contaminated soils allowing survival of H. lanatus, the presence of a high frequency (15-70 per cent) of arsenate tolerant individuals on noncontaminated sites (Meharg et at., 1993 ) is puzzling. Phosphate is a major plant nutrient and often limits plant *Correspondence 1996 The Genetical Society of Great Britain. 509 growth. It is relatively immobile in the soil, being bound as calcium and magnesium salts in calcareous soils or as iron and aluminium salts in acidic soils. Consequently the concentration of phosphate in soil solution is rarely greater than 0.Olmol m3 (Bieleski, 1973) , which is within the operational range of the high affinity uptake system. The suppression of this uptake system may limit phosphate acquisition by tolerant plants. There are three possible explanations for the high frequency of tolerant plants on noncontaminated soils. (1) Tolerant plants are limited to areas of high phosphate availability, where the low affinity system operates and the high affinity system would not usually be induced. However, these requirements are seldom met in nature and tolerant genotypes would therefore be expected to be rare. (2) Species adapted to infertile soils do not usually show increased rates of ion uptake (Atwell et at., 1980; Chapin, 1980 Chapin, , 1983 Hommels et a!., 1990) . Instead selection appears to have favoured increased nutrient use efficiency and changes in growth rates, thereby reducing nutrient requirements. Tolerant plants with their apparently less efficient uptake system may therefore be better adapted to areas of poor fertility. (3) Kinetic parameters may be unimportant in determining the uptake of such a poorly soluble nutrient as phosphate, as predicted by mech-anistic models (Nye, 1977; Silberbush & Barber, 1983) .
To investigate the maintenance of the polymorphism for As tolerance/P uptake, edaphic conditions can be studied in an attempt to relate the frequency of tolerant morphs in a population to the soil phosphate status. This paper reports two investigations with this aim; the first involves H. lanatus samples taken from the Park Grass Experiment at Rothamsted Experimental Station, and the second involves a nationwide survey. Lawes & Gilbert set up the Park Grass Experiment almost 150 years ago (Lawes & Gilbert, 1880) to study the effects of different fertilizer treatments on the yield of hay. However, since population differentiation is most likely to occur in spatially heterogeneous environments which are fairly stable in time (Levins, 1962 (Levins, , 1963 , the experiment has also provided the ideal environment in which to study the response of plant populations to specific soil factors. In an extensive study, Davies & Snaydon (1973a ,b, 1974 , 1976 , Snaydon (1970) and Snaydon & Davies (1972 , 1976 have followed the adaptation of Anthoxanthum odoratum (sweet vernal grass) populations to changes in edaphic factors, finding that adaptive morphological and physiological differences have evolved over small distances (less than 0.1 m) and within a short period of time (less than 40 years). It is therefore possible that H. lanatus could have similarly adapted to the ecological conditions and this paper reports an investigation into the distribution of H. lanatus morphs differing in their phosphate/arsenate uptake characters on the Park Grass Experiment.
The nationwide survey takes advantage of the natural variation in soil types and nutrient status in the U.K. and an attempt was made to relate the frequency of tolerant seed in a population of H, lanatus to the edaphic conditions of the site.
Materials and methods

Park Grass Experiment, Rothamsted
The Park Grass Experiment was started in 1856 when a long-established pasture was divided into a series of plots which have subsequently received different fertilizer and liming treatments. The management regime has remained little changed, with the herbage being cut for hay in June and a second cut (previously grazed) in SeptemberNovember. Fertilizer and liming treatments have influenced soil and plant chemical composition, botanical composition and dominance, herbage height and yield, and soil fauna, creating a mosaic environment. For further details see Warren & Johnston (1964) , Thurston (1969) , Thurston et aL (1976) and Tilman et al. (1994) .
Sampling was carried out on three occasions between April and June 1993 from seven subplots differing in their edaphic conditions. Plots were chosen to represent variation in levels of phosphorus, nitrogen, sodium, magnesium, potassium and liming. Approximately 100 tillers of H. lanatus were collected along three transects on each subplot by excision at the lowest node possible. In order to minimize the risk of sampling individuals from the same genet twice, tillers were sampled at intervals of at least 1 m. Tillers were then rooted in 1/10th Ronson's nutrient solution (Hewitt, 1966) for 14 days before being potted on into 7.5 cm pots of John Innes No. 2 compost and maintained in the glasshouse for more than 12 months before being tested for tolerance to arsenate.
Tolerance testing Five unrooted tillers of each clone were exposed at the node and supported in perspex tubes in the lid of a 12 L container holding 10 L of nutrient solution of composition 0.2 mol m3 Ca(N03)2, 0.2 mol m3 KNO3, 0.1 mol m3
MgSO4.7H20. Arsenic was supplied as sodium arsenate, Na2HAsO4at a concentration of 0.133 mol m3. Solutions were changed after one week and root lengths measured after 14 days (Macnair et al., 1992) . Clones with mean root length over 40 mm were scored as tolerant (with only the low affinity P uptake system functional) whereas those with root lengths less than 40 mm were classified as nontolerant (high and low affinity P uptake systems operational).
Soil analysis Soil data for the Park Grass plots were from samples taken in 1991 for soluble P and pH, and in 1959 for total P and organic C. On both occasions soil was sampled to a depth of 23 cm.
Sixteen or more cores were bulked from each subplot. Samples were air dried and sieved <2 mm prior to analysis for soluble P and pH, <0.5 mm for organic C and <150 pm for total P. Soluble P was determined by extraction with 0.5 M NaHCO3 at pH 8.5 (Olsen et al., 1954) . This fraction of total soil P is regarded as being readily available to the plant. Total P was measured by perchloric acid digestion (Mattingly, 1970) . Where no fertilizer P is applied, total soil P is likely to have declined by 5-10 per cent since 1959; where fertilizer P is added, total soil P will probably have increased by 300-400 mg/kg. Organic matter content was determined by dichromate oxidation using a corrected
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Walkley & Black method (Bremner & Jenkinson, 1960 with the presence of ripe seed. At each location a transect was taken through the site and seed collected from more than 100 flower heads that were separated by at least 1 m. Three soil samples were taken along the transect using a soil auger to a depth of 20 cm. These were then bulked to give one sample per site.
Tolerance testing Winnowing was carried out prior to tolerance testing. Seed was pregerminated on moist filter paper for 3 days, at which time germinating seeds with radicals of less than 1 mm were transferred into nutrient solution containing 0.133 mol m3 arsenate solution (details as before). This ensured all seedlings were at the same stage when testing began. A layer of alkathene beads was used to float the seedlings on top of this solution in 200 mL polystyrene cups. Growth was allowed to continue for 7 days at which time the root lengths of at least 100 seedlings per population were measured (Macnair et al., 1992) .
Soil analysis All soil samples were air dried and 2 mm sieved prior to analysis. Total phosphorus was determined by digestion with sulphuric acid-hydrogen peroxide (Allen, 1989) followed by colorimetric autoanalysis. Olsen's reagent (Allen, 1989) 
Results
Park Grass Experiment
Different fertilizer and liming treatments for over 100 years on the plots have led to significantly different values for pH, organic matter content, Olsen P and total soil P ( Table 1 ). The frequency of arsenate tolerant genotypes ranged from 55.8 to 69.0 per cent (Table 1) . Olsen P and a threefold difference in total soil P on the plots studied.
Nationwide survey
The nationwide distribution of the polymorphism is shown in Fig. 1 . Every population studied was poly- morphic. The frequency of tolerant plants was significantly heterogeneous (X4 = 519, P <0.001). Table 2 gives details of each site, with data for Olsen and total P, pH and organic matter content. Other environmental factors, rainfall, annual sunshine, latitude and longitude are also included. Correlation coefficients were calculated between the frequency of tolerant plants and edaphic and environmental variables at each site (Table 3 ). In each case there was no significant correlation between the frequency of tolerant individuals and edaphic or environmental parameters.
Discussion
Park Grass Experiment
The results presented here show no variation in the frequency of tolerant genotypes despite a 50-fold difference in Olsen P and a threefold difference in total soil P on the plots studied. It is unlikely that the lack of variation between plots results from a lack of evolutionary time. Both A. odoratum and H. lanatus are perennial grasses which regenerate vegetatively and sexually (Watt, 1978) . Yet, whereas A. odoratum has evolved morphological and physiological differences within 40 years on these plots (Snaydon, 1970) , H. lanatus has not. Holcus lanatus flowers later than A. odoratum and is never allowed to set seed on Park Grass because of the timing of the herbage cuts (M. J. Crawley, personal communication). Despite this, differences would still be expected to have evolved as a result of selection operating on the vegetative stages (Hickey & McNeilly, 1975; ).
Another possibility is that the uniform frequency of tolerant individuals on the plots could be a result of seed rain from the surrounding area masking any evolutionary trends on the plots. This seems unlikely for a number of reasons. First, seedling establishment in a closed environment is a rare event (Weir, 1985) . Secondly, the surrounding fields are cut at the same time as Park Grass leaving a very limited seed source. The frequency of tolerant progeny within this seed has been investigated and was found to be 56.4 per cent. This figure is significantly lower than the percentage of tolerant plants on the plots themselves. Therefore, it seems unlikely that seed influx is playing a major role in determining the occurrence of tolerant genotypes on the plots, and more likely that the number of tolerant genotypes has not altered in conjunction with the changing edaphic conditions of the plots. Although the frequency of arsenate tolerant genotypes was invariably high on uncontaminated grassland, the attempt to account for the nationwide distribution of the polymorphism by variation in edaphic/environmental factors proved unsuccessful. Arsenic tolerance is undoubtedly a major selective agent on mine sites, with the frequency of tolerant plants on contaminated areas being greater than 90 per cent (Meharg et a!., 1993) . Throughout the metal tolerance literature the existence of sharp dines on mine boundaries (McNeilly, 1968; Antonovics & Bradshaw, 1970 ) and the very low frequency of tolerant plants on noncontaminated sites (Gartside & McNeilly, 1974; Walley et al., 1974; Symeonidis et al., 1985; Ingram, 1988) provides strong evidence for a 'cost' of metal tolerance. The polymorphism in H. lanatus is therefore unusual and suggests either a low cost of arsenate tolerance, or that there are other selective agents operating to maintain a high frequency of tolerant genotypes in every population.
If suppression of the high affinity P uptake system in tolerant plants means they are restricted to areas of high soil phosphorus, then a correlation would be expected between edaphic conditions and the frequency of tolerant genotypes. The hypothesis that tolerant plants might be better adapted to infertile soil should also result in a similar correlation. Yet, neither the results of the work at the Park Grass Experiment nor the nationwide survey give any evidence of a relationship between the frequency of tolerant morphs and soil phosphate status. The explanation may be that uptake kinetics are unimportant in determining the rate of phosphate uptake. Uptake of phosphate occurs via two carrier systems operating in the plasmalemma, both of which obey Michaelis-Menten uptake kinetics (Epstein, 1976) .
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The low affinity system operates at high substrate concentration, whereas the high affinity system is induced under conditions of phosphate stress (Clarkson et a!., 1978; Clarkson & Luttge, 1991) . Because the concentration of phosphate in soil solution is low (Bieleski, 1973) , the high affinity system should be functional under most ecological conditions. However, Nye (1977) found diffusion to be the limiting step in the uptake of poorly soluble nutrients, e.g. phosphate. Because of the binding of P to soil particles and its low rate of diffusion through the soil, a depletion zone is created around plant roots and further uptake can only occur once P has diffused from the bulk soil into the depletion zone. Silberbush & Barber (1983) modelled P uptake using a Cushman simulation model involving 11 plant and soil parameters and also concluded that kinetic parameters were relatively unimportant in determining the rate of phosphate uptake. Given that diffusion appears to be the rate-limiting step in the uptake process, increasing the efficiency of ion transport proteins in the plasmalemma, either by increasing V,, (increasing the rate of ion uptake) or reducing Km (increasing the affinity of the carrier for the substrate) may be fruitless. Intuitively it seems that an individual plant should maximize its ion uptake when nutrients are in short supply. However, studies on Carex spp. (Atwell et a!., 1980) and Taraxacum spp. (Hommels et a!., 1990) have shown no clear trends between ion uptake capacity and nutrient status of the habitat, a conclusion also reached by Chapin (1980 Chapin ( , 1983 . The fact that genotypes of H. lanatus with differing uptake kinetics were found within the same population also gives support to these studies and the role of kinetic parameters remains unclear.
Even if, as might be suggested by these results, phosphate uptake kinetics are unimportant in determining the competitive ability of arsenate tolerant and nontolerant clones, then the existence of the polymorphism is still an enigma. Nontolerant genotypes have a higher Vmax (Meharg & Macnair, 1992b) , which has been attributed to the existence of more carrier proteins in the plasmalemma (Drew et a!., 1984) . If uptake kinetics are unimportant, then why do nontolerant plants continue to divert valuable resources into the production of a presumably costly carrier protein? If, on the other hand, the high affinity phosphate system is important then how does such a high frequency of tolerant plants survive in a natural environment? Wilson (1988) proposed that metal tolerance must involve some 'cost' to the plant, reasoning that otherwise the considerable gene flow between tolerant and nontolerant popula-tions would cause the tolerance gene to spread through the population and reach a high level, or fixation. The high frequency of arsenate tolerant plants on noncontaminated soils and the lack of evidence for phosphate uptake acting as a selection agent to maintain the polymorphism might lead one to conclude that, in contrast, arsenate tolerance in H. lanatus is relatively cheap'.
